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the result®, 2) a definition of cellular automata r 
3) discussion of previous work in this area by Von Neumann 
and Codd, and 4) details of how the prescribed behaviors 
are achieved (with computer simulations included in the 
appendices). The results include showing that a two state 
cell with five neighbors is sufficient for universality. 
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fFLLLJUR AUTOMATA 


INTRODUCTION 

Complex behavior by nach rnes can be achieved by either l-avfnp 
a large number of very simple machines or by b^vin-r a comp3ex 
machine with which to start. Our primary Interest In tb F s paper 
is wrth the f o-rmer. !Ry considering the global be^avlnr o f a 
large number of the simplest of machines, tbs following results 
arc- showns 

1, An array of identical square celts each of whIcb has 
only four states end comnun f cates with Its ^wr nearest 
neighbors (forming a npr ghbnrhood of five cells) can a) 
perform any computation which Is computable and bj construct 
(almost) any configuration --in particular, rt can be self* 
reproducing, Cells capable of the first behavior are called 
universal computers* the second behavior characterizes the 
uni versa] constructor, 

2, A three state* five heigbbor cell is capable of 
universal computation when configured in a finite initial 
area, 

3* Two states and five neighbors are sufficient for 
universal computation, but require an infinite initial 
conftguration. 
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Betna parallel machInesj these cellular automata can serve as 
a good theoretical basis for parallel: eomputat Ton and should be 
useful mathematically In many of the same areas 35 the Turing 
Machine. Practical physical applications are presented in a 
later section. 


CELLULAR AUTOMATA 


Consider an infinite array (in two dimensions) of Identical 
simple finite state machines, which wo shall call e eI 1s . Caeh 
cell communicates with other cells in its ne 3 ghborhood * The 
finite state machines, or cells, are described 1 by specifying a 
set of transItSon rules . These rules specify which state a cell 
will enter [during the next time step) as a function of the 
cell's neighbors. Except as otherwise specified, we will 
consider only two dimensional square cells with the four nearest 
neighbors comprising the f i ve^ne! ghhor nel ghborbood* 

A ^on f I ft u ra ti &n Is a specif1catlon of the states of the cells 
In the array at any given time* When started In particular 
initial configurations, the cells can he made to perform 
Interesting processes* 

In summary, we are considering the possible behaviors 
exhibited by vast numbers [usually infinite) of identical, very 
simple machines each Interacting with Its nearest neighbors* 

A particular cellu t ar space Is characterized by the transition 
rules* VJe will use the form 

[CNESWR) 

to write the rules* The letters stand for Torrent state, state 
of the Worth nelghhor, East, South, West, and the Result state R, 
A set of rules in this Form defines a cellular space* 
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Several conventions must be observe*!. First, only trans F tl on 
rules wFl 1 be listed In tbe set. If a neighborhood ccnf \ eura tlon 
does not appear [implicitly or explicitly -- see below) In the 
set, then It Is understood that the cell does not change state In 
the next time period. Second, there are varying degrees of 
symmetry. For example* ff there is no preferred direction* then 
the appearance of any of the following rules In the set Implies 
the implicit presence of the others. 

(cabhbd) Ccbabbd) (qbbabd) [ebbbad) 

Also if there Is no preferred rotation [clockwise or 
counteredockwise ), then the following are equivalent and only 
one needs to appear in the rule set+ 

(cabdde) Ccbedde) 

All the sets of transition rules In this memo have the above 
two properties -- no preferred direction nor rotation. 

One other requirement Is always observed -- the existence of a 
quiescent 5la_tc . A quiescent state Is a state that remains In 
the quiescent state when all its neFghhors are quiescent. Thus 
another characterizatlon of cellular configurations Is tbs number 
of non“quiescent states required for the initial configuration. 
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PREVIOUS WORK 

U, Von Neumann pioneered in the area. I*Is reference (1) is to 
be taken as the foundation, but the book by Codd (2) 1$ thR chief 
reference for this work* Von Neumann's primary Interest was fn 
finding a set of rules and Initial conf1gurat I on that would be 
capable of sel f-reproduct ion,. In particular, and universal 
construction in general. The configuration was also required to 
be a universal computer* The conf1guration functioned by 
M g row T ng" an arm which could "construct 1 ' 1 a new passive 
configuratlon, An activation signal sent along the arn started 
the new construction operating. His solution was the twenty-nine 
state, five neighhor cells (four nearest neighbors plus Itself), 
The set of rules were not Isotropic* E* F. rodd (2) reduced the 
required number of states to only eight. His transition rules 
specified an Fsotroplc space, l.e. no preferred direction, but 
the rules did possess a preferred rotation, Roth Von Neumann and 
Co 11 d wo rked w11 h the foil ow I ng requ i f ernen t.s, 

1* The cellular machines are initially configured In a 
finite region of space -- i,e. only a finite number of 
non-quiascent States existed In the initial configuration * 

2, Construction was performed In an Initially quiescent 
region of space, 

Codd (2) has also shown that two states are sufficient for 
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universality Ff the neEghborhood Is a 1 Towed to he i increased. fn 
particular* he has show that a two state cell with e F.rhty-f I ve 
ne F Rhbors cap simulate hTs eight state cell. 

Considering only se1f-reproduc[ng patterns* Fidward Fredblc has 
desc r r bed the followFng Interesting cellular space. If the 
states are "D 1 ' and "1™ and If the result state Fs obtained by 
taking the sum of the neighbors* modulo 2, then any Initial 
configuration will reproduce copies of itself symmetrFcaIiy about 
the Initial configuration, Terry WFnograd generalized this 
result showing that any neighborhood, not necessarily just the 
four nearest neighbors, and eny number of dimensions still give 
the same results. Further, if there are p states 0, I* ,** , p-1 
where p Is a prFme number, then the sum of the neighbors modulo p 
Is a rule that will assure self-repllcatFon of the pattern in a 
f 3 n F te number of time stabs. 


DETAILS OF THE CELLULAR AUTOMATA 
N. The Two State Universal Cellular Space 
One of several methods of achieving universality is'fth two 
states is to show that two states In the proper configuration can 
simulate any n-state cell -- In particular the twenty-nine state 
Von Neumann or eight state Codd cells. This Is done by showing 
that cells In the proper conf S gura tlon can represent wires end 
that signals can travel along the wires* Other regions- are 
configured to act as Junctions, crossovers, logic elements, 
curves, etc* Further elaboration will he given after ft has bpen 
shown that these elements can bo constructed. 

Tf the two states are represented by fl 0 H and ’'I", the three 
transition rules can he written. 

£ 111000 } (0111013 ( 011111 ) 

Rules for the Twn State Universal Computation Cellular Space 

The first rule requires comers to disappear* The other two 
assure that gaps (zeros) surrounded by three or four ones will he 
filled in, in the following Illustration of a signal propagating 
along the wire, the "U" or quiescent state Is also denoted by the 


b1ank, 
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minimum mi m u urn 
mm iiiinoii mi minim 
ill in ii it ill ii ii mu urn ii 

Wire and Signal (Propagates to the Right) 

Note that the signal travels on one side oh the wire, The wire 
w?M He symbol 1 zed by a straight lire with an arrow used to 
Indicate the side of the wire on which the signal is travel frp, 
ft should be clearly understood that the Monk area above and 
below the above diagram represents cells in the zero state and 
not the absence of cells* Appendix I contains computer 
simulations of the above wire and also the other elements shown 
below,, The reader should probably check this Appendix now to see 
exactly how this signal propagates* 

The dead-end ts used to eliminate signals traveling down 
trunca ted wf res * 

1 

minimum — — <i 

mimcimui 

umimmiu or _ . , 

1 Synho\ 

The Dead-Fnd _ 

The junction or fan-out Is used to create new signals* A 
signal entering the fan-out from the Tnput side leaves from the 
other three arms* This element will also he used with the above 
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dead-end to produce the curve. 


Ill 

ill 

111 

111 

nimiiminiiu 
1 limiimmi mu mum 1 

111111111111111 11111111111 or 

li minimi 
n in 
mi in 

in 

in 

Junction (and Diode} 


This fan-out rs not bilateral — a signal entering any of the 
side outputs- dies* Thus by using two dead-ends the diode (or 
one-way gate) Is obtaFned. 

A whole family of curves must be created sTnce the signal is 
on one sFde of the wire. We need insrde to Fnside, Inside to 
outsrde, outsEdc to outsTde and outside to inside curves. 
Although simpler curves exist, two of these curves are obtained 
directly from the fan-out with dead-ends on two output wires. 
The inside to Inside curve must be created from scratch. 
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111 
111 
111 
1111 
111 
111 

1111 1 
1111111 
iiiinmniiiniiii 
i iiiiinumi 
liuiiiiiiiii 

i 

The Inside to fnsldc Curve 



The outside to outside curve can be made from the above curves as 

f O11 CW5, 



The OutsTde to Outside Curve 


Recall that the arrows Indicate which side of the wire carries 
the signal, 

A universal logic element will be used with a clock (described 
later) to build the remaining needed elements, The following 
conf i gu rat ton will compute the logic Function f, n and NOT A ,f , 
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TRUTH TARLf 


A 
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J} 

0 

i 

D 


Logic Element 


Tf the 8 input Ts from a clock U ( «, a periodic emitter of 
signals) then this logic element becomes a "HOT" function. Thus 
we need a dock. 


1 

iimmiiiiiin 


1 0111111111111111 
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The Clock 


This dock has a period of sixteen time units* A1 rmst any 
even period is obtainable by different conf i ru rat lor. s. 

The operation of the logic element requires that the signals 
be synchronized. The dock defines an interaction time and all 
wTres are constructed to maintain the synchronization of 
signals* The construction of the crossover is achieved by the 








fol losing logical cor f i gura t1 on * However Ft Fs required that 
only one signal arrive at once. By moving the location of the 
crossover slightly, non-s|mu 1taneous arrivals Can he assured. 
The NOR function -can he constructed from the logic element and 
the NOT function. 



The Crossover 


A much more efficient crossover Is illustrated in Appendix U. 
The extension to three dimensions and seven nelrhbors Is 

trivial. The same three rules apply assuming the other two 
neighbors are In the M C ,r state (previously there were only five 
neighbors*) The above machine can exist Tn a plane. If desired, 
but turns out of the plane can be inserted at any point of origin 
of sFinals In the wire* 
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Part of the Inside to Inside Curve 
The enclosed part of this curve can he rotated ninety decrees 
about the dashed line* 

These elements are sufficient for universality* The wire and 
crossover allow moving of signals From point to point* The logic 
function with the NOT function added to Sts "R” input gives the 
universal NA.ND function, (Sec Minsky (3) for a discussion of the 
uni versa Iity of this logic function.) Thus we can "wire up” any 
function, ( Delays, which might he required, can he acconpiished 
with a few extra curves, } Specifically, the twenty-nine state 
Von Neumann cells or the eight state Codd cells could he 
simulated achieving Noth computation and construction 
universality except for the fact that an infinite number of 
simulated cells must exist. 

As an alternate approach to achieving computation 
universality, the Turing Machine can be simulated. We wire up an 
Infinite Turing Machine tape with the finite state machine part 
built Into each tape cell* An activation signal causes only one 
of these simulated tape cells to be operative at once, with both 
state and activation signal passed to the left or right, (This 
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approach will be used later in showing the un Fversa 1 11 y of a 
dimensional cel lular automa ton „ ) 


one 




DETAILS OF THE CELLULAR AUTOMATA 
I 1 . The Three State Universal; Finite Cellular Space 

The undesirable requ i rement of an initial cunf I gyration 
Involving an infinite number of cells In the above two state 
cellular space exists. This requirement can be eliminated by 
adding another state- CCodd (23 conjectures that an unbounded 
but boundable propagation is a necessary condition for 
computation uni versa IE ty and uses this conjecture In a proof that 
there does not exist a two state five neighbor universal cellular 
space tv f t h finite Initial configuration,} 

Since a computation: may require an arbitrary amount of space 
sane method must exist for Increasing the information storage by 
arbitrarily large amounts. The method is to use an arbitrarily 
extensible special viire with the property that a signal sent out 
this ulre will lengthen the wire by a constant amount with a 
reflection or echo signal returned back down the wire. Four of 
these special wires will allow simulation of fllnsky's universal 
two register machine OK A brief description of the operation 
of this machine ts necessary. 

The two register machine operates on two Infinite capacity 
registers. This is a program machine with the operations eJ 
subtract 1 from a register and, if the result Is xeru, branch to a 
specified operation, and. bj add l to a register, Li 1 nee addition 



and sub £ rac t1 on are opera t ions that require only a finite state 


math T ne (as opposed to mul tl pi Teat Toil) t only the ability to adu 
and subtract I from the registers and to test for iery Tn the 
registers is needed. Two of the spec!Pi extenslots wires are 
used fur each register, The difference in length represents the 
number contained In the register, To add 1, a signal 15 sent 
down one uf these wires extending It, The echo is ignored or 
destroyed by meeting another signal sent down the wire before the 
echo returns* (Two Meeting signals will be anthill a ted*) The 
zero test is achieved by comparing twu echo signals for 
s F i.ml tan eous return and subtraction is done by lengthening the 
shorter wire* To prevent "almost simultaneous" returns, the 
extending of wires can be done several times so that the length 
changes Only 3>y increments of sufficient amount. 

Let's look at the needed components* Appendix Ml contains 
the computer si mulat ions of these elements and a listing of the 
transition rules, The states are "2 ir , "1", and the quiescent 
state "d" (also represented by blank space)* 

The wire is cons posed of 2's with the signal represented by a 
one-zero trai n, 



Wire (F^ropaga t ion to the II f ght) 
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The following Junction construct tun 

222 

122 

222 

222212222 

222222222 

222221222 

222 

222 

222 

The Junction 


has the properties 1J a single signal entering an arm exits from 
Lho other three arms, l ', t-..u 1 -,\l 1 s entering s ii. lj l taneou^ 1 y at 

right angles will exit the other two arms, and 5 } three signals 
entering simultaneously are anihllated. In each case the 
junction is restored to Its previous condition before arrival of 
a signal or signals. 

The dead end is simply a chopped off wire. However, Ef an 

extra r, 2 ,r Is placed at the end of the dead end wire as shown 

22222222222 
222222222222 
12222222222 

Special Wire 


then the signal will reflect with the special wire being 
lengthened by two cel I edge lengths. 


We now illustrate that the above components form a universal 


1& 


Set of e1 et.lGntSx The curve la obtained fr QM a junction with two 
dead ends, another el si (lent needed is the diode fone-uay satej. 
Representing wires by Hoes, dead-ends by small circles and 
curves as ri^ht angles we have 





bol 


The Diode ■(The Signal will fass only from Left to lUght.) 


The clock is simply a si seal circling in a lou-p with an c*l t + 



The Clock 

















i he diode and clock are used to nake a NOT function 



The OK function is just a junction with dinde^. 



The .NOR Function Is obtained from the NOT and the OR, The NOR 
can lie used as In the two state case to form a crossover. 

The reception of echo signals, the program logic, and 
comparison of return Limes are now achieved by straight forward 
construct Tons * Thus the finitely initial configured universal 













iil 

three state cellular cjutonatnn can he 1 >u 111 
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DETML5 OF THE CELLULAR AUTOMATA 
III. The Four State Universal Computer Constructor 

The four state universal computer, universal constructor Is 
considerably more complex than tha previous two automata, Hot 
only must this automaton be capable of computing any {computableJ 
computation, hut ft must be capable of constructing Into 
quiescent, empty space an automaton also capable of computing any 
computable function* fn particular, it should be capable of 
reproducing itself* CFor a discussion of bow such offspring can 
evolve and Improve, see von Meumannfl>* ) 

This automaton will have the same type logic elements as the 
previous machines, but fn addition, ft must have an arm that can 
reach out Into the construction space to build the new machine. 
Tbe growth and operation of this arm Is quite complicated, After 
the new machine is constructed, it must be activated* (The 
approach of constructing an active machine directly would he 
tremendously more complicated,? The explanation of how an 
unbendiny, arm can construct a new machine of larger size than the 
constructing machine Is then explained. 

Simulations of the components and a listing of the transition 
rules Is given In Appendix IV* Tbe states are represented by n Q M 
Cand blank), "I", "2", and "x". 

The place to begin is with the wire and signal, and the 
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dead-end, 

X XXXXXXXXXXXXXXXXXXXXXXXX 
X 12 

XXXXXXXXXXKXXXXXXKXXXXXXX 
The Wire and Signal and the Head-End 


The wire and all other components are constructed from state 

<V\ In factor any conf F gurat ion constructed entirely from this 

state will be passive* The Junction 

x x 
x x 

XXX xxx 
x 

XXX XXX 
X X 
X X 

The Junction 


has the same properties as did the three state automaton, T*c- a? 
a single entering signal fans out, b) two inputs at a right angle 
give two outputs on the other two wires* and c) three Input 
signals are anlhllated. in each case the junction Is restored to 
its original position. In the case of the fanout, the useful 
phenomenon of an extra delay of one time unit occurs- 

The curve Is obtained from the Junction v - 1 T t h dead-ends* The 
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diode 3 s obtained as previous! y. 



The ffiodc 

Similarly the dock, NOT function an<J NClfl function can he 
constructed, (forever the previous crossover is unacceptable 
because It involved the use of the MO It function which Is built 
with a clock. The reason for this unaccepted I 1Fty is that we 
only want to construct a passive configuration and to use a 
single activation signal to introduce a signal Into all wires and 
clocks to ''start" the machine* With a passive crossover, there 
Is no problem. It seems likely,, however, that only the active 
crossover clocks associated with the distribution of the 
activation signal coy 1 d be ini 1 1 a 1 1 z e-d du r T n g co n s t ru c t i o n , 
Nevertheless the following passive crossover eliminates the 
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the arm Is 


of this automaton 
now il lu&trateH* 
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completed!. 
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Cons t ruetTon 
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The horizontal arm can move vertically within a fixed range, 
but can extend an arbitrary distance Into a pra!ini nary 
construct Ion region. The construction of automata which dp not 
fit with r n this space te,g. se 1 f-reproducTrig} is achieved hy 
constructing a preliminary automaton of arbitrary length which 
grows a vertical arm into the surrounding space to construct the 
■desired automaton. 

The arm consists of a row of cells in state "x ir . 

XXXXXXXXK XXXXXXXXXXXXXX 

The Arm 

The arm Is attached to a row of cells In state ,r x ,! , 

x 

X 

boriy x arm 

\ * 

XXXXXXXXXXXXXXXXXXXXXXXXXX 

A11achment of Am to Rody 

The operation of construction proceeds as follows. l)Two special 
signa ls teal led single wings) sent from each end of the hody 
collide at a location determined by the timing of signal 
orFglnatl-on. 2) The collision produces an arm bud. 5) Further 
pairs of single wings colliding at. this location cause the arm 


bud to g rotor longer, h ) Once tho arm ha$ reached a length of 
three x's Further growth Fs accompan i ed by an echo signal from 
the end of the arm, When the echo returns to the body, Tt Fs 
harmlessly an IhI la ted unless^ 5J If the echo signal is property 
timed with another pair of toll Idling single wings, a new signal 
(called the erasing double wing? propagates out the wire, 
destrcyrnE the wTre as Tt goes, i.e, leaving quiescent cells 
behind It, G) When the erasing wing reaches the end of the arm, 
a single 'V" Is deposited into the cell just beyond the end of 
where the arm was, This depositing succeeds oven If there are 
other ji h 5 surrounding the new ,T x fp on one or two sides, 71 A new 
arm is grown to deposit other x 1 5 . and the process is Iterated 
untl i the construction is completed. Then an actFvatTon process 
takes place, 

The above operation description requires some new components. 

First the single wFng Fs Illustrated* 

—- 

1 

XX*?tJ!;XXXX.lxXX.K.XJ?X 
Single Wing Signal 


Two meeting single wings leave the following arm bud. 
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x. 

x 

XXKXXXXKXXXXKXXXXKX 

Arm ftud 


Another colHsfon Fills in the gap In the a rm burl forming an arm 
of length three* Another collision gives the following 
eonf3guration, 

x 

X 

x 

xxxxxxxxxxxxxxxxxxx 
Arm wi th Gap 


gap 3s filled by another collision. Subsequent 
give the following double wTr>ss signal propagating out 


x 
x 
I 

lxl 
x 

xxxxxxxxxxxxxxxxxxx 
Double Wing ST gnat 


This double wing adds an "x" to the end of the wire and sends the 
following echo signal back down the wire* 


Again the 
co 1 1 iS 5 ofts 
the arm 


J<J<XKXKJ<1 XXX XHJt 


E? ehn Signal 


This echo leaves a gap between the arm and the body which Is 
filled in as before, However if the echo coincides with another 
collision of single wings, the erasing wing Is produced* 


K 

x 



XXXXXXXXXXXXXKKXXXK 


The FrasTng Wing Signal 


The different cases of the erasing wing reaching the end of 
the wire are illustrated In the simulations* Ey constructing the 
new automaton column hy column and top to bottom in a kind of 
'Vaster scan” the arm will need to consider only local 
confi durations Tn which there are no x’s already there or one M x TP 
on the previous column or beside it in the current column or 
there may be two x's already there In these two positions. In 
particular, the arm wlII not have to fill an ,l x ,t b gtween two 
existing x 1 s. 

The generation of the single wing from the original logic 


signal fs achieved fry the following element. 
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X 

xxxxxxxxx 1 

21 xxx x Ixxxxxxx XxXX 

xxxxxxxxx ->- 

—> X 

& i n g I ft W J ng s fl&ihg Generated 


Activation Is achieved by the capture mechanism* 

xx 

XXX 

XXXXXXXXXXXXXXXXXX 

XXX XX K X X XX X X X X X X XX 
XXX 
KX 

rapture Mechanism 


An erasing wing entering the above mechanise will generate a ** 12 ** 
signal and seal the end forming a dead-end, TSi i s activation 
signal travels by fan-outs and crossovers to every place where It 
Fs desired to have a wTre or clock Initialized with a signal* 
The following simple confFeuration allows the Introduction nf 
initial signals* Note that the wire ruslnta Ins a two-way 
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propagat Ton capabil l t ty» 



Introduction of Right Moving SFgnaT 

If some initial signals arc desired to he within junctions or 
elements, they could have been Introduced earlier Into the input 
wlres. 

By suitable delay lines built Into the activation wires, any 
finite amount of Information can be comiminIcated to the new 
machine at the expense of building a more complex machine, Other 
methods of communication Involve simultaneous counters, one In 
each machine, being interrupted by a second activation-type 
signal [requiring a second capture mechanism) with the current 
count representing the Information, If two-way communication 1$ 












des T red, the following technique may be used- 


]__ 

tLA A v ^ 

C £ ^ { a ^ 

? rt - existsuulffc wenl. 

Starting Configuration 



The constructed automaton,. instead of being activated through 
a capture mechanism.. Is simply linked to the pre-existing wire 
&eg?ment + 



Ccei.VrLjd^(=d 

tzni 1 ’^ 


Final Configuration 
















To function as a universal computer, the machine needs an 
Infinitely extensible memory, or Information storage capacity* 
This memory is achieved by having e separate construction arm 
that constructs a new memory box with its own topic, {finite? 
memory* and* construction am to extend itself when its memory 
capacity has been exceeded. The memory box Is connected by a 
two-way arm fas illustrated above) to tho parent automaton and to 
the next memory box in the series. The series of memory boxes 
can be thought of as a memory tape. 



Memo r y FSo xe s 

Consideration of se!f-reprodudng automata yields the 
following hey* 1 problem, When constructing offspring* there are 
two configurations In which this offspring could be desired* The 
first Is that the offspring should be constructed In some 
original configuration of the parent* This is achieved easily 
and straight-forwardly* The second* however. 


would 1 have the 
















nenory reached zero, a third activation type signal sent to the 
Offspring would stop Its counting and cause both offspring. and 
parent to start Moving the- reserve (iieriiory {now Identical) back 
into the main memory* Of course, suitable delays would be needed 
to assure proper synchronizst1 on between the final 


eonf i gora Li nns , 
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offspring in some configuration after the parent has done some 
computation- In this case, the parent will have grown an 
arbitrary number of memory boxes- 

To have the offspring have the same number of memory boxes as 
its parent, it should be constructed in such a manner that when 
activated, it immediately would begin to grow its own memory 
boxes or tape. This process would continue until it reached the 
same length as the parent's tape. It would know when to stop by 
a second activation type signal from the parent. {Note that 
permanent connection by a wire between parent and offspring has 
not been allowed,) 

it must be noted that the memory bnxes cannot bn a unary 
storage as were the extensible tapes of the three state machine. 
Such a tape can store no more information than its own length, 
but here the parent's tape must contain information about Its own 
length in order to know when to send Lhfe second activation signal 
to stop the offspring's tape’s groivth at the same length- 

If information Ts desired to bn in the offspring's tape, this 
can. be achieved by having all memory boxes built with a duplicate 
reserve capacity- The offspring, after having stopped growing 
its memory, could begin counting in its reserve memory* 
Simultaneously, the parent would begin counting In its reserve 
memory and counting down In its main memory- i/hen the main 
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t> E T AI LS OF THE CELLULAJt AU TOM AT A 
! Y. Universal One Oir.iens 1 anal Cellular Spaces 

The two state universal cellular automaton previously 
discussed can be constructed In a finite wTdth* Dy considering 
en Infinite ore d Isiieds I one I tape made up of slices of the tup 
state machine configured En two dimensions, it is at once a 
universal computer with two states and five neighbors if two of 
the neighbors of a ce3] are its nearest neighbors and two others 
are some distance away, namely the width of the slices. The 
fifth nqighbur Is the cell itself, 

±hn attempt was made to find a universal one dimensional 
cellular space viith just the two nearest neighbors forming a 
three neighbor space. A seventeen state cell was found* This 
space achieves universality by simulating the above five neighbor 
one dimensional cell. If the simulated ceils of each of the 
st1ces are distributed in a large region of the tape Tn a way to 
be dfscussed w1th 
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Location of simulated Cells 



















quiescent apace be twe e n Eh am , t ha n e a c 3 1 call tou Id begin 

S linul taneous \ y to send out signals in both d i rec11 ons * There 

would ba til'd types of signals depending on the initial state of a 
cell. The first two signals to pass over a cell would perform a 
part fa 1 compute cion of the resulting state, leaving it in one of 
five states. All subsequent signals passing over it would leave 
it unchanged: unless the too signals arrived simultaneously. The 
only case in which two signals can meet simultaneously over a 
simulated cell is when the signals originated from the cellos two 

distant simulated ne l ghbors, (No rigid proof has been found, or 

even intensively sought, that a distribution that meets this 
requi rement exists, but It appeals obvious that vj i Eh a sing I 3 
enough density of simulated ceils, some such distribution would; 
likely exist,) This collision over the simulated cell would 
complete the computation of its transition and the process would 
start over* It should be mentioned that all other coil is ions 
have no effect““signals pass through each ocher unaffected, etc. 
Complete details will appear in a forthcoming thesis. 
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I, Starting and Halting of Cellular Ay tom a ton Computations 

The starting and hat t fog of Turing machine computations are 
well defined operations- Similar operations must be described 
fur the universal cellular automata described. 

In the same sense that the Input to a universal Turing machine 
is Initially configured on the tape, representing the computation 
to be executed, the initial configuration of a cellular au turns ton 
contains the description of the computation. 

Halting of a cellular automaton can be defined Tn several 
ways. Probably the simplest 3s to define a computation as having 
ended vfhen a specified cell first changes state. 


DISCUSSION 


I I. The Equivalent Continuous Cellular Space 

tf ue consider what happens to the two state cellular space as 
the size of the cells ami the cycle time approach Kero, we obtain 
a continuous "cellular" space. If the cycle tune and sfze 
approach Kero in such a way that the quotient of si kg divided by 

cycle time remains constant^ a character! stle velocity is define** 
os this constant for the continuous space* let the state (0 or 1 
" Cf>r our two state automaton? of then r^scfe-Ee cells correspond to 
thn value of a function In t ( *e continuous snaeo, Snatlal Hf*rlve- 
tlvas cap hp defined", a particular set of transit,Ion rules can 
now Kp written In d 1 f fereotl al notation f nm us rnp' thf* der r v.c11 ves. 

The transition rule sot for the universal two state cellular 
automaton has the Interesting property that the corresponding 

differential equation can he written with the time derivative of 

* 

the space function Estate), S(x,y> t), In t pm? of SCx^y^t) and nnl 

the two second derivatives of sCx,y,t) wi t h ^snrrt to t^-e x and v 

directions, _ _ 

Konrad Zuse (4 ? has presented an argument for a discrete mode 1 
of physics, Paul Klein of Project MAC has also Interested 
himself in a cellular model of the universe. Not limiting 
himself to two or three states, lie has found configurations which 
can propagate through a space in an arbitrary direction and at an 



arbG trar y speed 




40 


DISGUSSIQa 

III. Practical Application 

Perhaps the predominant application of cellular automata theory 
will he in circuits with a self wiring capability. A Large scale 
integrated circuit forming a large array of calls could contain an 
initial configuration with construction power. When activated, it 
would proceed to wire up any desired circuit r {as indicated by 
information built into the configuration or sent into it after 
activation) detecting and ignoring bad cells. Such a circuit could 
actually be a complete parallel or serial digital Computer on one 
Slice, Parlous regions o£ the slice could have different transition 
rule* if, for example, one type c«U proved more efficient for memory 
and another for Logic functions* Variations include having no 
initial configuration wired in, but sending inputs in to build a Constructing 
mechanism. 

The main point is that by allowing bad areas to appear on the Slice 
without destroying the total slice, much cheaper and mors comp Last cir¬ 
cuitry could be used. Shpup £4) has Considered the design of integrated 
circuits used as cellular arrays. Not concerning himself with 
universality in particular, he was more interested in efficient implementa¬ 
tions of practical operations. 
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Simttlatifln ol the Components: The Two State Machine 
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Hit Logic Function ( B anil WJT A) 
Case A inp-ut only 
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The Logic Function 

Case II „ A ani E both input 
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Kot* again that the signal did not reach the output, although A 
spurious signal did enter the abort leg, but eventually 

animated,. 
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The Logic Function { B- and HOT A) 
CAse ITl, B input only 
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Tills time a signal gets through to the output 


I - 13 


The Cbek (Simulated One Clock Period) 
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APPENDIX II 


Another Crcssowr £w the Two St Ate Cellular Automaton 

The logic function B and HOT A la represented by the following 
sytiftol. ^ 

B 


The clocks axe represented fey feoxca. The crossover is constructed 

from these elements. 





war 


The clocks labeled A und B are out of phase with each other And have 
twice the period of the other clock. This entire configuratldn has 
been simulated for the cases A inputj B input and neither input. 

This component is active even when there are no inputs. The clocks 
are running and there Is usually a signal in the internal wire. 

This signal la destroyed by an input allowing one of the clocks 
laheled A and B to Ret through to the output. 
























APPENDIX III 


Simulation o£ the CfflupoiuntS: The Three State Cellular Automaton 
Tlie Hire and Dead-End 
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2222 12222 

^ r ,-_ j j. a . . . ,-, < 3 . y_ .. .1 .-. 

P. ly n n 

P|i->rtP*^p,n-'i , J'v 




£- a _ £- i- .- . . ,■_ _. . . j. . i . .. 








Ill - 2 


The Fanout 


ey r. 1 r ?. 
??? 
222 


—> 222 
22222222222 
2 12 7 2 7 1 ? ? 7 n 
2.2227222222 

i'll 
222 
2 2 2 


cycle h 

*i n 

i. ,i . .. 

7 P 2 


222 

222? 172222 
22222 17227 
2227 122727 


227 

222 


rye 1 r- 

7 n n 

2 . " 2 
? 22 
722 

2*?**% jje 9 

Tn'I-OTI j V'J , 1 h i 

i £: ii b !■ 1 i ill p 

222 
J'lf 7 


22 2 

22? 

i .L 

eve 1e l 

cynTn 5 

eye 1 c H> 

227 

222 

7 2? 

227 

227 

f. t i 

?? 7 

27 7 

72? 

'>2? 

22.7. 

21? 

??? 

222222222?.?. 

72272 122?? 


7.2 12 27 2 2 22 

27277? 1?7? 

7722277222? 

27 2 ? ? 5 ? 2 3 ^ 7 

22227 12222 

?2? ?.??.?? 2.22 

222 

2X2 

272 

222 

2 7 7 

22? 

222 

7 2? 

222 

222 

222 

25? 

eye In 2 

t ye 1 n G 


222 

222 


22 7 

'nr) 

jl j. r. 


r'Ji 

21? 


2?5 

fc p- 

2 ? 


■ i. £. l. i. j*_ £ £ / £ 

2^27? ???? 


222 12.2222? 

2727227 122 


2^2?2' >, ?2?^ 

??222 2227 


27? ' " 

2 2 


n n n 

t. f. 

212 


2 2 2 

22? 


272 

??? 


eve In Z 

cycle 7 


222 

7^2 


272 

t 212 



I ? t 


277 

227 <-> 


2 ? 5512 ? 3 2^ 7 

.-, n H| 4^ 


2227. 122222 

22222722 1? 


72221222222 

2??^'' I 0 ?? 0 


222 

222 


777 

.k 2 2 


27? 

V 213 


722 

'j'in 

ri P- Pi 



Ill - 3 


Two Input a [Jive Two Outputs r 


C yr 1 p 0 
1 . 1 ? 

4 2 ? 

?\2 

—> 222 
2? 2?.? 7.21.11.2 
2 17 7 ,? 27?' 1 '7 
22.27.2? 727 27 
2?1 
77.2 
7.12 

n n n 

tl t\ A 


(■■ 'll ^1 f 

n -n 'v 

t, nff 

r> n J Y 

l. t. *. 

9 n ^ 

72 77 ■' 

2772 17.1272 

f) Ofl 

2'' 2 
22? 


cyr 1 r 

7 7 2 

?? 7 

’ynn 

*> J f 1 


£• ^ ■*■ '- ! ' . rf- l_ ." _ 

' . >1 ■“ r- ■■, ■■ ■^ ■■> ,i « 

ju - ii j m f m ». j. i i. j' 


2 ? ? 
^ T n 


rt y t; T o 
2 22 


c yc T f 


n 't 
212 

22 2 222?.??.? 2 
12 . 

22 ? 7 2222^^2 
n 

9t 4r ■*- 

222 

22 ? 

n 

i. i_ i‘ 


r.ye.\t- 2 
222 
■*r •- ?■ 

2 2 2 
2 2 

77777172777 

11.1. 1 *> 7 J 2 15 ^ 
222 


*? ^ ^ 
222 


^ ^ >-1 

222 


22222 1227 

^ - p n n n J *p n *l «¥ 

n. r r. i Hi 4 . i J. 

7 17 
*) ^ «■* 

T n 2 

•’l >-i Hh 


r y c 1 f> 

n -T- ** 

■. j j. 

n t ^ 


'- ri J 

^^2 x 7 n 
272777 2' t ' >f> 
7 7 
217 
277 
727 


rye. 1e 7 
7 7 7 

n ■*> t 

772 

7.12 

Jtn-'i't'll'i'in 

r> 4 i. ft . j. r, ju .. ii ,_ 

7 ^ n |! M | ^ ^ n *t n n 

J 1 .. d. H. .. £ £ Jf C‘. nf 

^ 0 $ 

*- ■*■ ii 

■> n n 

272 


cycle 3 

4 . J. L 

■7 ■'>■'? 

722 
n ■*> 

a. X. J- 

27771 1277^ 
ij 7 12 7' J 2 7 

ijiini t 7 n n ■'? 

Z ,-. ft. ril A / u ft, ■*, * • •- 

227 
7 7 7 

7 ^ o 

272 


r. y c 1 o 7 

227 


7 0 2 
7 7 7 

*7 n ^ 


2?222722"17 

27 7 ^77 7 r* in 
7 * t 


l 


2 7 

717 
'j n 



Ill - 4 


Three inputs Are Mutually An thlli ted* 


e y r- T r ^ 
??? 





C'/C 1 n 


222 

22" 


t j 


1 


2 1?22 5 2722 


o ** ** 

J . X. «■- 


? ? ■' 7l ? 1 1 ^ 2 ? 





2222 22222 
2 2 ?21 12227 


i) ^ 


2 2 
222 


22? 
o * * 

^22 


c v c 1 f? I 

? ?? 

n *i t 

il.lL.i- 

2 5 
212 

22222222222 
rin n 2 ? ^ 7 J7 
9 ^ 9 ^ ■■■ ■T--9 

212 
2 2 
222 
222 


eye 1 e h 

j 't'y 

22 ? 

*7 9 -T- 

??? 

2222 2 27.22 
7.7.7 ?2 7 ? 7 7 n 
222? 2 2??? 
222 
2 2? 



r;Vr ! f 1 

22? 
2 2 ? 
^ 2? 


2 ? 

2?2? 217 ??? n 
2?2 1 ^ 2 ^ ^ 2 2 
2? 2 7 2.1? ?? ?? 
7 7 
2 2 ? 

2 11 ? 
rj ^ *1 
^ -'. J. 


C yc 1 r 5 

727 


222 

2^? 

2? 7 

2 ? ?2????''*7? 

????22?2?^2 
■j 'i 'i n -n 'i i) f, f, ^ 

' ■ *• J - i* t i’. I- j ,■', ■'. , 

??? 


?2 2 
2?? 
jj |? p 




Ill - 5 


The Special Wire 9? Tape 


r y c 1 0 T- 

cycle {i 

22227272? 

1? n i 

?? ??????? 

? 2??2? r> 7?7 
7.2722221 ?. 

2???.?.2??2? 

cycle 1 

cycle 7 

* > ???22?H? 

2?.??.?2 U? 

22???.???? 

777*7777*7 
?.2?,???\ £]] 
2???.??.7.22? 

cycle- 2 

cycle f* 

22?????2? 

?.?????? 1? 

22?2?22?2 

2?7??*'*7$7 *> 

2?.???l ??. 7.2 

77*777*^717 

cycle 3 

cycle fl 

??27?' t °7? 

2222.2222 2 

2??.?. ???2? 

72? T} 2?22?2? 
27221 2 ??? 22 
2????72?? tf ? 

eycl-p Ci 

eye 1 e 17 

??922?.?7? 

22???2'>2?. 1 
^ ??? 977? 

7*7J7772??7 
y2?t 2 ????77 

7.722222222?" 

c yc 1 r c - 



2 ? ??.?.?.?? 2 ?. 
22222222112 
229.2 2 222 2 2 


Note that the wire gets longer and 
that an echo signal is generated. 



Ill - 6 


Meeting glgniils Cancel ► 


eye If n 

p ^ y i) *, 2<f222$22 

1 *i n n ^ ^ ^ 


ryr. If 1 

22. ^7 

22 ??? L? 7 ?? 1>i, ' ) 2 
? ???? ? ? 2? ^ ^?. ?? ^ 2. 


f vc 1 f 


????*'2 ? ??^??2? 


eyrie Ji 

n , ?7T , T , ?^nn7^ , in 

« M ii ri ^ A- i'. r . J 1 . ■ , r j . 

Jim VtiTTI 






Ill - 7 


The Transition Rules For the Three State Cellular Automaton 

These Rules are Listed in Che fm "(CWESWR)" where C represents 
the etirrent state* N the state e£ the Worth neighbor,. E the East 
neighbor* S the South, and W the West neighbor* The result state is 
represented! by R, Only transition rules Are listed, i*e., C is 
different from R. Also the North* East* South* and West neighbors 
can be rotated or flipped* fcf can he swapped with S* 

( 12222 ) 

< 22222 ) 

( 1 2 ) 

( 12 2 ) 

( 21 2 ) 

< 12 22 ) 

( 222 1 ) 

( 11122 ) 

( 21 12 ) 

( 112 2 ) 

< 211 2 ) 

(1 222 ) 

(11222 ) 

(11 2 ) 

(11 2 ) 

(122 ) 

(212221) 

<2 1 ) 

( 211221 ) 

(21112 ) 


APPENDIX IV 


Simulation o£ the flympoiisnts e The Four State GeUjulaf Automaton 
The Wire and Dead-End 

eye.) r c 
X x r: K x x XKKjt 

X 1 ?. 

KX/XXXXXXX 


eyelr 1 

XXXXXXXXXX 

x i a 

XXXXXXXXXX 


cycle 5 

KtfXXXKXXXX 

x l? 

XX.XXXXXXXX 


Cycle 

xxxxxjcxxxx 

xl2 

XJCXXXXXXXX 


cycle i' 
xxxxxxxxxx 

x? 

xxx rut:; kxxx 


cycle S 

XXX XXX KM XX 
X 

XXXXKXXXXX 


cycle C 


xxxxxxxxxx 

X 


IV - 2 


The Fanout Junction 


eyel* (I 
xxx 
x s. 

;< x 

x x ^ 

K K JS>; XXXKX 

K X 12 
XXXXK 
X X 
X ?: 


XXX 


r yc 1 e 'r 

1 " T V 

x ;: 
x x 
x x 

XX XXX XXXKx 

x 1* 

XX XXX XXXJtX 
X X 
X X 
X X 
XX X 


rycl a " 

X ’ ,l " 

X ]..: • 

X ’? 

X X X x X x ?£ X X X 

*12 X 

X X X ?: X X X X X X 
X K 



XXX 


£yr1e 1 
xxx 
x x 
x x 
x x 

XXXXx XXXKX 
X X 1? 
XXXXX XXXXX 
X X 
X X 
X x 
XX X 


P V C 1 r [1 

XXX 
X X 
X X 
X X 

xxxxxlxxxxx 
x 12 
xxx;:xlxxxxx 

X X 

X X 

x x 

XXX 


nyclc 2 

SXK 

X x 
X x 
X x 

xxxxx xxxxx 
x xJ? 
Kxxax xxxxx 

X X 
X X 
X X 
XX X 


cyrtf £ 

x^X 

iH -if 

3? 

v 1 i r 

-•. 1. . I 

xxxxx2xxxxx 
x 12x 
xxxxx?xxxxx 
xlx 
X X 
X X 

xxx 


c ye. \ r 3 
xxx 

¥ W 

X X 

X X 

xxxxx xxxxx 

V *» f\ 

A I ■ L >. 

xxxxx xxxxx 

X X 
X X 
X X 

xxx 


cynle 7 

xxx 

K lx 

r ^ 

XKXX.X 1'XKXX 
:i 17 x 

xxxXX XXXXX 

-r $ r 

xlx 

X X 
X X X 


eye 1 p 2 
xxx 
x ? x 
x x 
x x 

XXXXX XX XXX 
x2 X 
X X X X X Xj'IKXX 
X X 
X .!( 

H?St 

XXX 


Cy€ T e 1 p 

V V V 

Jft A n 

X X 
X X 
X X 

XXXXX X XX XX 
v. x 
XX XXX XJfXXX 
X X 
X X 
X X 

xxx 


IV - 3 


Two Input, Two Output 


eye 1 f" C 

” 

X?x 

xlx 

X X 

X X X X X xxx K X 
x x l? 
XXxxx xxxxx 

X X 
X X 
x x 

XX X 


eye 5 e> I 
X X 
X x 
k?x 
six 

XXXXS JTKXXX 
X X 1? 

xxxkx xxxxx 

X X 
X X 
!K. K 
XXX 

eye 1n 2 
X K 
X x 

X X 

x2 x 

xxxxxlxxxxx 

X si? 

XXXXX XXXXX 
X X 

X X 
X X 
XXX 


ftyclr 3 

X X 
X X 
X X 
X X 

XX XXXZxxxsx 
X 1? 

xxxxx xxxxx 

X X 
X X 

X x 

XXX 


rye 1 e If 
x x 
x ;; 

x x 

x x 

xxxxx xxxxx 

Jt 12 

xxxxxlxxxxx 

X X 
X X 
X X 
X XX 


ft y c t e 5 
x x 
x x 

X X 

X x 

X X X X X X X X X X 

x Uk 

XX xxx? X XXX X 

kI x 

X X 

:< x 
xxx 


r. ye 1 o 
x x 
x x 

X X 

X X 

XXXXX xxxr.x 
X 1? X 
X X X XX XXXXX 

k2x 

X 1 X 


rye 1e 7 

y Vf 

X X 
X X 
X X 

xxxxx xxxxx 
xI7 x 

X X X X X XX XXX 
X X 

x2x 

X 1X 

xx x 


eyrie fi 
x x 
x x 
x x 
x x 

KXXXX. Xitxxx 
x2 x 
xxxxx xxxxx 
X X 
X X 

x2 x 

XX X 


C v C 1 ti 

X X 
X x 
X X 
X X 

SX.XXX xxxxx 

-* X 

XXXXX xrxxx 

;< x 

X X 
X X 
XXX 


v Jw 


iv - it 


Thr&e. Sievliancous Signals Cantel.. 


eye if n 
x x 
x2x 
xlx 

X X 

KXXXX XXXXX 

21 x 12 

XXXXX XX XXX 
X X 
X X 
X X 
XXX 


f'/ c I r- 

X X 
K X 
X X 

x y. 

KXKXX?XXXXX 

2x2 

XXXXX XXXXX 
X X 

X x 

X X 
XXX 


cycle- 1 
x x 
x x 

X?X 

xlx 

xxxxx. xxxxx 
21 x 12 

x X X x x X X X M. X 
X X 
X X 
X X 
X XX 


cycle h 
x x 

X X 
X X 
X X 

XXXJ1X XXXXX 
X 

Kxxxx xxxxx 

X X 
X X 
X X 

XX X 


cycle 2 

5L X 
X X 
X X 

x2r. 

xxxxxlxxXXX 
21x12 

XXXXX XKKXK 

y. x 
x y 
x x 
xxx 


IV - 5 


The Single Wing Signal 


eye If C 


1 

XXXMXXlXXXXXXX 


eyfle \ 

1 

HXKXXXX] ^XXKXX. 

eye 1o 2 
1 

JSXXXXXXKl “txy.x 

r. y r. \ n 1 

1 

XXXXXXXXXl xkxx 

c ye 1n h 

1 

^ x x x :* x r. x x x 1 n x x 

r ye I f? 5 

I 

XXXX XXX X xxxl XX 


IV - 6 


Colliding Single Wing# FQrra an Arm Eud 


eye 1 r ^ 

y 

X l 

l 

X 

\ 

xl 

X 


"yelp J i 
x 
x 

x x 
xlx 

X ?. 

X 

X 


cycle 1 

X 

x 

*1 

x 

m7. 

X 

X 


eye 1p B 

x 

x 

xl 
xx? 
x 1 
x 
X 


eye 1 f! 
X 
X 


X 

x2 

x 

x 

x 


eye 1 e 6 

y 

x 

x 

K 1 x 
X 
X 
X 


cycle 3 
x 
x 

XX 

x x 

xx 

x 

x 


eye 1p ? 

K 

x 

x 

x xx 
x 
X 
X 


C ye 1 p £ 

X 

X 

X 

x x * 
x 

X 

X 


Filling tht Gap 


Lengthening the Ann 


ryr]n P 

ryr ) r- T 

f. yr 1 p 

x 

X 

X 

ni 

Hi 

X 

i 

1 

x ! 

X X X 

XXXX 

x jrs2 

1 

1 

x 1 

r. 1 

Xl 

X 

S' 


x 


t yc. T * 

1 

ryclm 3 

Cyc 1 p 

v 


X 

X 

X 


X 

X 

xl 


xl 

X 

X XX 


xxxx 

XX1 X 

xl 


xl 

X 

X 


X 

X 

X 


X 

X 


cycle? ? 

£ yc 1 c? ?_ 

n y c. 1 r- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XXXX 

x?.xx 

X i x X 

X 

X 

X 

X 

X 

X 

X 

X 

K 


eye 1 f' 

3 

cycTc 

3 

c yc1 r 

X 


|i* 


X 

X 


X 


X 

X 


X X 


X 

XXX X 


X 1 A X 


X XXX 

X 


XX 


X 

X 


X 


X 

X 


X 


X 


r. y r 1 r: 

I;. 

c ye 1 n 

X 


X 

X 


X 

xl 


X 

X X 1 X 


X XXX 

xl 


X 


iv - a 


Lengthening of the Arm 
{Notice the Echo Signal) 


cycle r ' 

A 

xl 

1 

1 

xl 

X 


cycle l 
x 
x 

xl 

XXXXXJlXXX 

Xl 

X 

X 

cyclc 2 . 

X 

X 

V 

jTfc 

xlxxxxxxx 

X 

X 

X 


C VC 1 f' fi 

y 

X 

xl 

XK1XXXXXX 

X 1 

X 

X 


cycle r - 
y. 

^ 1 
n L 

XXxlxXXXX 
X 1 
X 
X 


c ye I c fi 
x 
x 

x 1 

XXXXlXXXX 

X 1 


X 


cycle 

x 

x 

xx 

XlXXXXXXX 

XX 

X 


cycle 7 
x 

x 

x T 
xxxxxlxxx 

X 1 

x 

X 


cycle f! 
x 
x 

x 1 

xxxxxxlXX 
x 1 

X 

X 


r y r- \ r 
X 

X 

X 

X XXxx x 1 

X 

X 

X 


12 


XX 


eye 1c n 

X 

X 

X 1 

XX K XXxx1x 
X I 

X 
X 


cycle 13 



i 


XX 


X 


c y c 1 e IP 
x 

K 

X 1 

xxxxxxxx2 

x I 

X 

X 


cycle Ifr 
x 
x 

x 

xxxxl XXXx 
x 

x 

rt 


t 


cycle 11 
x 
x 
x 

xxxxxxxl y. 
x 
x 
x 


c ye 1c l r 

X 

X 

K 

xxxl xxxxx 

X t 

X 

x 


c ye lc If? 
x 
x 
x 

XXj XXXHXX 
X 
X 
X 


IV - 9 


Creation of Che EraBing King hy Coincidence of Stogie Hinge 

and Echo 

Signal 

C yc 1c n 

r yc 1 o £ 



r; 

X 

cycle 

1 r 

Jcl 

X 

X 


1 

X 1 

X 


xxxxxl rtxx 

y..2 l;:xxxxx 

X 

1 

1 

X I 


lx 

xl 

Si 

y 

i 

X 


V 




X 


cycle 1 

eye It 2 : . 



'H 

X 

cycle 

n 


X 

X 


Xl 

1 —! 

V 


xxxxl xxxx 

■*■ 1 w r'y' v y 

•■Jj 

i 

xl 

X 1 


a 

£ 

X 

X 

Y 

1 

X 

V 

ft 


c yc 1 e " 

c l r c 1 c 7 



X 

X 

eye 1 c 

12 

X 

X 

X 


n 

x 1 

*s 

V 

x2xl xxxxx 

x 1 ;t x x x 

E 


X 

x 1 

|/ 

/t 

X 

X 

:■ 


X 

X 

■j 


eye 1 

eyelr 2 

X 

eye 1 o 


?> 

11 

ft 

I; 

ft 


X X 

X 1 

X 


xl! XXXXKX 

X lx XX 

X 

XX 

X 1 

”, 

ft 

X 

v 

ft 


X 

X 

jh 

V 


c y c 1 c 4 

cycle '1 



X 

M 



X 

X 



xl 

x 1 



x IxxXxxxx 

X IxX 



xl 

X l 



X 

X 




A X 


IV - 10 


Creation of the Single Wings from the Logie Type Signals 


cye1r ! ' 

•" ■ e 1 r 

r 

x 

1? 


A 


>5 XX MX 

Xxxxx 

I 

51 jtXXX JtXXXXxX 

X 

a Ixxxxxxxx 

KX XXX 

XKXXX 


X 

X 



eye 1 p 1 

cy r I r- r 

>■/ 

X 

xxxxx 

XXXXX 1 

XXXXXXXXXX.X 

xxxl 7.-XXXXXX 

xxxxx 

XXXX X 


X 

c y c 1 r- 5 

cyelr 7 

J* 

X 

ft 7 ; £ £ K 

X X X X X 1 

0 1 vy V 

. . . > A j-t -i . rv -■■. /i> j% . l i ■ ."■■ 

XXXA1XXXXXX 

xxxxx 

XX XXX 

X 

X 


cycle 3 

c yc 1 p 

X 


XX xx 1 

xxxxx 1 

HIXXXXXXKXXX 

X X X X X1 X X X X X 

XX XXX 

X X x X X 

X 

•> 


l~y C |r- 1- 

cycle 0 

X 

X 

xxxxxt 

XXXXX I 

5 x 1 x x x x x x x x x 

XXXMXXlxXXX 

X x X X X 

;i x x x * 


IV - II 


Three Cases of the Depositing of an "s" State 


1 

lr:XKX K 

1 


c yc1p 1 

l 

l-'KX X 

1 


- yc 1 r 

1 

1 k y. x 

1 


eye In 3 

I 

1X 

1 


p y c 3 c tj 

J 

?. x 

1 


eye 1 e 


XX 

f 


C- y C1 c f 


xn 


I 

IXXXX 

1. 


nyel';> 1 

1 X 

lXJtX 
I 


ryelr 2 

1 X 

1:(K 

I 


r y n ] ?■ 

I X 

1' 

I 


r. yc 1 e 4 

I x 

n 

i 


cycle 


x 

71 


cycTf! 


eyrie r> 

1 K 

Ixxxx x 

1 


r. yc 1 c t 

1 K 

1:t 3t3S M 

1 


eye 1 n 

l. x 
Ixx ” 

f 


r. y r 1 f 

1 X 

!'■ x 
I 


eye 1 p 

1 x 

7 

I 


c ye Ip 1? 

x 

xx 


cycle c 
x 

xx 



IV - 12 


The Capture of an Erasing Wing Signal to Form a New Logic Signal 


(None that the Capture Mechanism Becomes a Dead Knd..) 


n 


cycle 

SKI 
K X 

x x 

X X 

xx xx 

5f K X XX 
XK X JtX 

1 

l i 


eye \ P 
?i Ji X 

x r, 
x x, 
x x 
?: x x x 
xx7I2xx 
xxx xx* 


eycl ^ 

j£ y w 
v 1 ^ v 

x7x 

X x 
X x X x 
ixl 1 :-r x 
xxx T X xx 

X 


r y r- T fi J. 2 
XXX 
X X 
X X 
X X 


XX XX 
XXX XXX 


XX XXXXX 

ixi 


1- 

!»■ 


eye. Ip 1 
xxx 
x x 
x x 
x x 

XX XX 
XX X XX 
XX 1 XX 

1 1 


cycle 5 
xxx 
x x 
x x 
K x 
xxlx x 

XX ? XX 
XXX I XXX 


c yc \ p 

XXX 

x?.x 
x x 
X X 
XX XX 

jlj V V ,J! H 

XX XXX XX 

7 


cyd* 1 13 

XXX 
X X 
X X 
X X 
X x x x 
XXX XXX 
XXXX XXX 


r r yc 1 f 

XXX 
X X 
X X 
X X 
XX XX 
XX ? XX 
XX 1 1 XX 


eye 1 c 

XXX 
X X 
X X 
xl X 

xx?xx 


XX 


sxl21xx 


cycle lr 
XXX 
X X 
X X 
X X 
XX xx 
X X X XXX 
XXXXXXK 
X X 

X 


cycle I J; 

XXX 
X X 
X X 
X X 
XX XX 
XXX XXX 
XX it XXX X 

X 

X 


eye 1 n 5 
XXX 
X X 

S 

X X 
XX XX 

XX? 9. XX 

XX Xx 


cycle 7 

XKX 
X X 
X 1 X 
X?X 
XX XX 
XX 1 XX 
XXX XXX 
X 


eye T r 11 

XX * 

X X 
X X 
X X 
XX XX 
XXX XXX 

xxxxxxx 

xJ.x 

X 


IV - 13 


The Transition Rules for the Four State Cellular Automaton 

These rules are Listed in the farm "(CNESWR)"* See Appendix III 
for further explanation* 

The states are represented by the symbols "s", "1“,. pr 2 ,r r and the 
blank space. 


( xlx 
f lx2x 

1} 
2 > 

£2xlx 

) 

{ 1xxxl } 

(Xl 

2> 

£22 

1> 

(12 

2) 

(12x«x2) 

£2111 

X) 

(£lxxx ) 

£ 2xxx 

) 

( xl 1 

1) 

£122 

2) 

£211 

x) 

( 2 xxx 

i 

(xl X 

1> 

(1 

> 

£ lx 

> 

( 11 

1) 

(xl 

2) 

£ 2 

X) 

£2 

) 

( 12Lxl) 

£ 1 X 

x) 

£ 111 

) 

£ 121 

) 

£ xx2 

X) 

£ 2xx 

x) 

( 2 x 

X ) 

£ 2x 

x) 

£ x2 

X ) 


( 1 x 1 2 ) 
£ 2 x ) 

£ xxxxl; 
(xxl I) 

(Xlx 1) 

( 11 k > 

£ 1x1 ) 

f 121 k1x) 
(11 xj 
{xlxlx 2 ) 
£ 2 x x 1 ) 
( ixXXXX) 
(lx X x) 

( llx 1) 

£ fill l) 
(* 2 l*U) 
£ 1 xx > 
{ Ixlxx) 
( lllxi) 
(x2 1 1) 
£ 11 xx x ) 
£lxxx k) 
{*1 1 1) 
£ 1 2 X X ) 
( 1 x 2 x> 
(12 x xi 
( 21 xx 2 ) 

£ 12 xx 2 ) 

( 2 2 n 
(12 2 2} 
(211 ) 
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III, Practical ApplicatIon 

Perhaps the predominant application of cellular autor.aca theory 
will hr in circuits with a self wiring capability! A large stale 
integrated circuit forming a large array of cells Could Contain an 
initial, configuration with construction power. When activated* it 
would proceed to wire up any desired circuit* {as indicated by 
infox[tation built into the configuration or Bent into it after 
activation) detecting and ignoring bad cells. Such a circuit could 
actually be a complete para!Lei or serial digital computer on one 
slice, Various regions of the slice could have different transition 
rules If* for example* one type cell proved mote efficient for memory 
and another for logic functions* Variations include having no 
initial configuration wired in* but sending inputs in to build a constructing 
mechanism* 

The main point Is that by allowing bad areas to appear on the slice 
without destroying, the total slice* much cheaper and more complex cir¬ 
cuitry could be used, S-houp (4) has considered the design of integrated 
Circuits used as cellular arrays* !slot concerning himself with 
universality In particular* he was more interested in efficient implementa- 
tieoe of practical operations, 


